Abstract This paper investigates the different impact of a half-separated gravel and vegetated bed in open channels. This experimental investigation is based on the 2D Particle Image Velocimetry (PIV) method, which allows data acquisition at fine spatial-temporal resolution. For the simulation of the two porous beds : a) a grasslike vegetation and b) gravel bed of 2 cm height were used to represent the permeable bed. Velocity is measured : a) at the central line of 3.75 cm above the interface of vegetated and gravel bed, b) over the vegetated bed and c) over the gravel bed for different discharges and for the same different total heights. In total, 27 experiments were carried out. Results show that the presence of a half-separated gravel and vegetated bed influences significantly the velocity distribution in comparison with a simple permeable bed (vegetated or gravel). This is due to the fact that the presence of gravel bed in the half-separated bed decreases the velocity of the flow in regard to the simple vegetated or gravel bed due to the great roughness which is observed near the surface gravel-vegetated bed. This fact increases the turbulence and reduces the velocity. Also, the presence of half-separated gravel and vegetated bed influences the values of velocity distribution in a different way in comparison with situations over of half-separated impermeable and permeable bed.
Introduction
The effects on the velocity distribution of turbulent flow in an open channel with a halfseparated impermeable and permeable bed is of particular importance. In nature, a growth of vegetation is observed both in rivers and open channels. The presence of a permeable bed in an open channel has as a result the change of velocity distribution. The changes are greater when this permeable bed is half-separated gravel and vegetated bed.
The effects of porous bed, for laminar flow with low-Reynolds numbers near the porous/ fluids interface or porous/air interface, have been studied computationally, analytically and experimentally by many investigators (e.g., Beavers and Joseph 1967; Poulikakos and Kazmierczak 1987; Vafai and Thiyagaraja 1987; Sahraoui and Kaviany 1992; Choi and Waller 1997) .
The study of turbulent flow over and within a permeable layer is rather limited since there are further difficulties because of turbulence. The first complete study for the turbulent flow has been realized by Mendoza and Zhou (1992) . They found analytical results for the turbulent flow characteristics over a porous bed and for the velocity distribution within the porous bed.
In the study of Velasco et al. (2003) , experimental tests were conducted under controlled conditions. In order to simplify the inherent complexity of vegetation properties, scaled plastic strips were used to model plants. Different plant densities were tested as well as different flow conditions such as the flow and the ratio of the plant height to the water depth. The velocity field was measured directly in the experimental flume with an Acoustic-Doppler sensor (ADV). The results from the velocity measurements show a reduction in friction factors due to plant bending for an increasing Reynolds number as expected. Wilson et al. (2003) carried out laboratory experiments to study the effect of flexible vegetation on open channel flow. They used two different forms of vegetation: a) flexible rods of constant height; and b) the same rods with a front foliage attached. Experimental results revealed that within the plant layer, the velocity profile no longer followed the logarithmic law profile and the mean velocity for the rod/frond canopy was less than half of that observed for the simple rod array. Chan et al. (2007) examined numerically the characteristics of fully developed turbulent flow in a hybrid domain channel, which consists of a clear fluid region and a porous bed, using a model based on the macroscopic Reynolds-averaged Navier-Stokes equations. The effects of porosity and Darcy number on the flow properties over and inside the porous bed are further investigated. The thickness of turbulent penetration remains proportional to the values of porosity and Darcy number. Moreover, turbulent shear stress within the upper part of porous bed increases significantly with the porosity and Darcy number. Bouma et al. (2007) combined field, flume and numerical experiments to identify spatial sedimentation and erosion patterns developed within rigid vegetation patches and assessed the relevance of hydrodynamic flume studies for the longterm sediment dynamics in the field. Ghisalberti and Nepf (2009) investigated experimentally the distinguishing hydrodynamic features of flows with rigid and semi-rigid vegetation patches and found that the length at which the flow was fully-developed was governed by the growth of the vortex street and the mixing-layer. Huai et al. (2009) Keramaris et al. (2013) carried out experiments to investigate the impact of lateral walls on the velocity profile in an open channel. Although the width of the channel was only 7.5 cm, it did not influence the magnitude of the velocities. Results from these experiments showed that the lateral walls influenced the velocities at a distance limited to 0.4 cm from the walls. This result indicates that the wall does not influence the instantaneous velocities in the central area of the channel where the velocity measurements are usually conducted. The impact of the lateral walls on the flow dynamics in the rest of the channel is negligible.
A series of laboratory experiments were performed by Zhu et al. (2014) to investigate the connection between submerged vegetation and the key geomorphology around the vegetation. The submerged vegetation was modeled as bundled plastic fibers with a variation in vegetation density. The objective of this work was to describe the detailed characteristics of flow through a simulated array of rigid vegetation by examining its effects on the velocity, and observing the influence of vegetation density and heights. Measurements of velocity were taken along verticals at multiple locations at different sections to adequately represent the conditions everywhere within the flow and to capture the flow response as it moves through the vegetation array.
Finally Κeramaris and Pechlivanilis (2015) studied experimentally, using a 2-D Particle Image Velocimetry (PIV), the effects on the velocity distribution of turbulent flow in an open channel in a half-separated (impermeable and permeable) bed. A grass-like vegetation of 2 cm height was used for the simulation of the half permeable bed (with 3.75 cm width). Velocity was measured at the centreline 3.75 cm above the vegetation for the permeable bed at the corresponding point above the impermeable bed as well as at the interface between impermeable and permeable bed, in the mid-plane of the channel. Results showed that the presence of half-separated impermeable and permeable bed influences the values of velocity distribution in comparison with situations over permeable or impermeable bed. The comparison with the same experiments when it has transition from permeable to impermeable bed and vice versa shows that there are a lot of differences on velocity distribution.
In this study, the different impact of a half-separated gravel and vegetated bed in open channels is investigated experimentally. Results show that the presence of a half-separated gravel and vegetated bed influences significantly the velocity distribution in comparison with a simple permeable bed (vegetated or gravel) or over a half-separated impermeable and permeable bed. of the two porous beds was 6.0 m. The porous bed began 0.5 m after the channel entrance, so this was adequate for fully developed flow. Measurements of the velocity were taken for the horizontal channel using a 2-D Particle Image Velocimetry (PIV). The PIV system used for the measurement of the velocity distribution in the flow domain consists of a twin pulsed Nd: Yag lasers (532 nm wavelength, 300 mjoule/pulse at 10 Hz), a cross correlation 8 bit 1×1 K CCD camera (Kodak MEGAPLUS ES 1.0), a synchronizer, a computer, an image acquisition system and a PIV analysis software (Insight 3G). The laser beams were combined and formed a 1-mm wide sheet by using semicylindrical optics. The camera image size creates a 1600×1192 pixel array and the dimension of the velocity field was kept to 120×110 mm for all the experiments. The laser was installed above the open channel at a distance of 50 cm from the free water surface, while the camera viewed from an orthogonal direction (Fig. 2) .
Twin images were recorded with a temporal interval of 1.5 ms. In total, 200 pairs of images were captured per experiment. The plane photographs were divided into interrogation spots measuring 16×32 pixels (1.2×2.4 mm). The fluid was generally seeded with tracer particles that, for the purposes of PIV, are generally assumed to follow the flow dynamics (Wereley and Meinhart 2010) . These particles have a size of about 10 μm in clean water. The motion of the seeding particles is used to calculate the velocity vectors of the flow. The distance between two neighbour velocity vectors is 1.5 mm. From the velocity field, we can find the profile of the flow at each vertical direction or the mean space profile in the area. PIVs use the particle The Different Impact of a Half-Separated Gravel and Vegetated Bed S127 concentration method to identify individual particles in an image and follow their flow (Raffel et al. 2007 ). The experimental uncertainty of the measured velocity with this technique is approximately±2 %. The measurements were conducted at 4 m distance from the channel entrance, where the flow is considered fully developed. The full development of the flow was checked with the comparison of the velocity distributions in two vertical sections located 60 cm apart. Several point gauges for the check of the uniformity of the flow were used. A weir at the channel outlet controlled the desirable flow depth. The error of the measured flow depth (10 cm) with the point gauge was±0.1 mm.
The morphology of the permeable bed (vegetated and gravel bed) is illustrated in Fig. 1 . A plan view of the bottom of the channel is given in Fig. 2 . The experimental apparatus is presented in Fig. 3. 
Analysis of the Results
Experiments were performed for the flow determination and for investigation of the different impact of a half-separated gravel and vegetated bed on the velocity distribution. In total, 200 pairs of images were captured per experiment. The validation of the images was based on a PIV analysis software (Insight 3G). From the velocity fields, the velocity profiles at various positions were determined using MatLab, which is integrated in the Insight 3G program. The Different Impact of a Half-Separated Gravel and Vegetated Bed S129
Figures 4 and 5 present the profiles of the mean velocities for the three different discharges and for the three different positions: a) at the central line of 3.75 cm above the interface of vegetated-gravel bed; b) over the vegetated bed; and c) over the gravel bed and the same flow depth h=7 cm and for different discharges (Q=0.735 and Q=0.970 L/s). As shown in these figures, the presence of a half-separated gravel and vegetated bed influences significantly the velocity distribution in comparison with a simple permeable bed (vegetated or gravel). This is due to the fact that the presence of gravel bed in the half-separated bed decreases the velocity of the flow in regard to the simple vegetated or gravel bed due to the great roughness which is observed near the surface gravel-vegetated bed. This fact increases the turbulence and reduces the mean velocity significantly, especially in the case of Q=0.735 L/s.
Results show that at the central line of 3.75 cm the presence of half-separated gravel and vegetated bed influences the values of velocity distribution differently in comparison to situations over of half-separated impermeable and permeable bed. There are a lot of differences on velocity distribution with the same experiments (Keramaris et al. 2014 ) for half-separated impermeable and permeable bed. The mean velocities at the central line of 3.75 cm in Fig. 6a (half-separated impermeable and permeable bed) are much greater in comparison with those in Fig. 6b (half-separated gravel and vegetated bed). This is due to the fact that the high mixing and the development of the turbulence in the second case, because of the presence of gravel bed in the half-separated bed, decreases significantly the velocity of the flow in comparison with half-separated impermeable and permeable bed. In Fig. 7 the results are given in dimensionless form. The normalized streamwise mean velocity distribution (U/U * ) is compared with the logarithmic law plotted versus the normalized depth y/h' (y: distance from bed, h': total flow depth). The differences in shear velocity of the flow above the different porous beds is important and explaining the above results. The difference in shear velocity above the different porous beds is the cause of a wake-type behavior of the flow at the central line of the channel.
Conclusions
The different impact of a half-separated gravel and vegetated bed in open channels is investigated experimentally. For the simulation of the two porous beds: a) a grass-like vegetation; and b) a gravel bed of 2 cm height were used to represent the permeable bed. The following conclusions can be derived:
& The main and significant conclusion of this study is that the presence of a half-separated gravel and vegetated bed influences significantly the velocity distribution in comparison with a simple permeable bed (vegetated or gravel). This is due to the fact that the presence of gravel bed in the half-separated bed decreases the velocity of the flow in regard to the simple vegetated or gravel bed due to the great roughness which is observed near the surface gravel-vegetated bed. This fact reduces the mean velocity. This conclusion is very clear in the case of dimensionless form in Fig. 7 . & The presence of half-separated gravel and vegetated bed influences the values of velocity distribution differently in comparison with situations over a half-separated impermeable and permeable bed. The mean velocities at the central line of 3.75 cm in the half-separated impermeable and permeable bed are greater in comparison with those in the half-separated gravel and vegetated bed. This is due to the fact that the high mixing and the development of the turbulence in the second case, because of the presence of gravel bed in the halfseparated bed, decreases significantly the velocity of the flow in comparison with halfseparated impermeable and permeable bed.
